An automated method for the isolation of neonatal porcine adrenal chromaffin cells is described. Adrenal chromaffin cells are potentially useful for therapeutic transplantation, but current isolation methodology suffers from labor intensiveness and variability in yield and viability due to imprecision of manual techniques, enzyme purity, and gland age and species. The described approach utilizes an adaptation of an automated procedure previously described for isolation of pancreatic islets. Results from neonatal porcine adrenal glands revealed consistent cell yields with high (approximately 99%) viability. Catecholamine assays showed that the resultant cultures continue to produce and secrete norepinephrine and epinephrine. Immunocytochemical analysis indicated that the majority of cells in the preparation are chromaffin cells and adrenal cortical cells. The procedure meets the following requirements: 1) minimal traumatic action on the adrenal chromaffin cells, 2) continuous digestion in which the adrenal cells that are progressively liberated can be saved from further mechanical action, 3) minimal human intervention in the digestion process, and 4) high yield and viability of the isolated adrenal chromaffin cells.
INTRODUCTION
when the adrenal medulla is not readily dissociated from adrenal cortical tissue (such as the highly convoluted Chromaffin cells from the adrenal medulla are potenhuman adrenal gland). In these latter cases, adrenal medtially useful candidate cells for numerous therapeutic ullary tissue is crudely dissected from the cortical tissue, applications in transplantation strategies, including Parcut into several pieces, and manually minced followed kinson's disease (1, 6) , chronic pain (4, 8, 11, 22, 24) , deby collagenase digestion. In addition to the labor intenpression (17, 18) , CNS trauma and ischemia (5) . The sity of these procedures, there is considerable variability cells produce a "cocktail" of therapeutic molecules inin both yield and cell viability due to variations in donor cluding catecholamines, opioid peptides, antioxidants, gland sizes and compositions, level of digestion by coland trophic factors, which may be useful in the treatlagenase batches, and human factors in manual handling ment of these and other diseases (19, 20) . However, beand dissection techniques. cause chromaffin cells are mostly postmitotic, they must In order to increase practicality of obtaining isolated be isolated from intact donor adrenal glands for each chromaffin cells for transplantation, we evaluated an adapplication, a laborious and time-consuming procedure.
aptation of an automated method previously described for Using currently standard isolation procedures, adult adisolation of islets of Langerhans (15, 16) . This approach renal glands are manually perfused and incubated recould meet the following requirements: 1) minimal traupeatedly, first with buffer and then with collagenase somatic action on the adrenal chromaffin cells, 2) continulution (2, 3, 12, 13) . This is followed by dissection of ous digestion in which the adrenal cells that are progresmedullary tissue from cortical tissue, mincing, filtering sively liberated can be saved from further mechanical through a fine nylon mesh, and repeated wash steps. The stress, 3) minimal human intervention in the digestion procedure is further complicated and dissection more process, and 4) high yield of isolated adrenal cells. difficult when smaller or neonatal glands are used, or 690 VIZZARDELLI ET AL.
MATERIALS AND METHODS
Gibco) supplemented with 25 mM HEPES (Gibco) for enzymatic digestion. The adrenal glands were distended Adrenal Gland Retrieval by transcapsular injection of the enzymatic solution, un-Neonatal 2-3-day-old Landrace-Yorkshire piglets til the volume was approximately doubled, and minced were obtained from local sources. Animals were kept in with scissors to produce fragments smaller than 1 mm 3 . our animal facilities and used in compliance with the The fragments were then loaded into an isolator similar United States Department of Agriculture and National to that used for automated human islet isolation (15,16). Institute of Health regulations. All animal manipulations A diagram of the isolator is shown in Figure 1 . Tissue were conducted and monitored under protocols reviewed from up to four glands can be processed in the isolator and approved by the Institutional Animal Care and Use simultaneously. For the current application, the isolator Committee. General anesthesia was induced by intraconsists of two stainless steel chambers (one cylindrical muscular injection of a ketamine (20 mg/kg)/aceproma-35-ml lower chamber, and one conical 15-ml upper zine (1 mg/kg)/atropine (0.05 mg/kg) cocktail, and mainchamber) separated with a stainless screen (450-µm tained by isoflurane inhalation. Adrenal glands were mesh). The total volume is 50 ml. There are three ports: surgically removed, taking care not to damage the capone inlet port into the lower chamber, one outlet port sule, and placed on ice in cold (4°C) RPMI-1640 mefrom the upper chamber, and one output for a temperadium (Gibco, Long Island, NY) supplemented with boture probe. Two 1-cm glass marbles are placed in the vine serum albumin (0.5% BSA fraction V, Sigma, St.
lower chamber to add a mechanical component to the Louis, MO), 100 U/ml penicillin, and 0.1 mg/ml streptodigestion process. mycin.
Once the adrenal pieces are placed in the lower chamber, it is filled with enzyme solution, the screen is Chromaffin Cell Isolation placed in position, and the device is closed as described (15,16). The digestion is then carried out in a closed Adrenal glands were processed within 2 h of retrieval. They were trimmed by careful dissection of the surround-system, with a peristaltic pump circulating warm enzyme solution (37°C) at a flow rate of 100 ml/min ing fat tissue, vessels, and lymph nodes. We used a Liberase TM (Boehringer-Mannheim, Indianapolis, IN) solution through the isolation chamber in which the adrenal fragments are completely immersed. Vigorous manual shak-(1.67 mg/ml) in Hanks' balanced saline solution (HBSS, ing of the chamber is performed throughout the diges-are counted and the viability is tested by trypan blue exclusion. Three independent porcine gland isolations tion process. A stainless steel coil immersed in a warm water bath is inserted in the circuit and maintains the were done at approximately 1-month intervals to confirm reproducibility. enzyme solution at the desired temperature. A total volume of 120-150 ml of enzyme solution is necessary to completely fill the system. From the chamber, the solu-Evaluation tion with the digest passes through the 450-µm screen. This allows only isolated or small cell clusters that have Identity and functionality of the resultant cell preparation was evaluated immunocytochemically and bio-been sufficiently digested to pass to the collection reservoir at the end of the isolation process. In addition, this chemically. To confirm the presence of viable chromaffin cells in the preparation, immunofluorescence for chro-procedure constantly recirculates and removes small cell clusters from the chamber, preventing overdigestion. At mogranin A (rabbit polyclonal, Diasorin, diluted 1:300) and catecholamine synthetic enzymes tyrosine hydroxy-the end of the digestion process no tissue remains in the isolator, indicating that the glands were completely lase (TH; mouse monoclonal, Diasorin, diluted 1:500) and dopamine-β-hydroxylase (DBH; rabbit polyclonal, processed.
Samples were taken from the circulating digest at reg-Diasorin, diluted 1:300) was performed. Cytochrome P450 (rabbit polyclonal, Chemicon, diluted 1:300) was used ular intervals starting approximately 5 min after the beginning of the digestion process, evaluated under the mi-to label adrenal cortical cells, S-100 (monoclonal, Chemicon, 1:300) to label Schwann cells, and β-tubulin croscope, and photographed. When >90% of the disrupted tissue appears as isolated cells or small cell III (TuJ1, mouse monoclonal, Sigma, diluted 1:300) to identify neuronal phenotypes. Galactosidase-α(1,3)-gal clusters (<100 µm in diameter), approximately 20 min after the beginning of the circulation, the digestion is developed with nickel-enhanced DAB (3,3′-diaminobenzidine tetrahydrochloride) was used to identify porcine stopped by adding an excess volume of a cold solution (4°C) of RPMI/0.5% BSA to the enzyme solution and cells expressing this xeno-epitope, notably endothelial cells. For immunocytochemical evaluation, cells were circulating it rapidly through the system (flow rate 200 ml/min). Approximately 1 L of dilution medium is nec-plated in 24-well plates, fixed for 20 min in 4% paraformaldehyde, rinsed with phosphate-buffered saline essary. The effluent is collected and washed twice in RPMI/0.5% BSA, by centrifugation (Beckman Allegra (PBS), and preincubated in PBS + 0.4% Triton X-100 and normal serum (matched with the secondary anti-6R) at 1000 rpm at 4°C. Attempts were also made to directly compare this automated isolation method with body). Cultures were incubated with primary antibodies overnight at 4°C, rinsed, and incubated with appropriate more traditional manual procedures in neonatal porcine adrenal glands using collagenase digestion (0.1%) fol-secondary antibodies (e.g., anti-rabbit IgG, Alexa 488 for polyclonal primaries; anti-mouse IgG-Alexa 594 for lowed by mincing and filtering through a nylon mesh (45 µm). However, low cell yield and viability pre-monoclonal primaries; Molecular Probes) for 1.5 h at room temperature. Primary antisera were omitted to as-cluded complete evaluation. sess background fluorescence levels. Sections were cov-Purification erslipped with DAPI (4′,6′-diamino-2-phenylindole) to identify all cell nuclei in the field. Images were collected In order to purify the adrenal medullary cells from red blood cells and lysed cell fragments, further steps using an inverted Olympus IX70 microscope furnished with a digital camera and Image Pro-Plus software, and may be taken following the cell isolation procedures. To accomplish this, a self-generating Percoll gradient merged using Adobe Photoshop. For determination of catecholamine production and method was used as described in other studies for chromaffin cell isolation (3, 10, 12, 21) . Following the final release, cells were plated in 24-well plates (5 × 10 5 cells/ well), washed to remove media, and basal release sam-wash following isolation, the supernatant is discarded and the cells are resuspended in buffered Percoll (Phar-ples collected following 15-min incubations in HBSS at 37°C. Following release sample collection, wells were macia) solution, gently mixed, and centrifuged at 12,000 rpm for 20 min at 4°C. The top layer containing cells treated overnight with 0.05 N perchloric acid to lyse cells and release cellular contents. Basal release and ly-fragments and bottom layer containing pelleted red blood cells are discarded while 30 ml of the middle layer sis samples were collected at 1, 3, and 7 days following cell isolation procedures. Samples were collected in containing the adrenal medullary cells and small aggregates is washed in BSA/Locke's solution, centrifuged, quadruplicate for each gland preparation. Samples were quantified by HPLC with electrochemical detection and resuspended in medium for plating (1:1 DMEM/ F12, 10% FBS, Pen-Strep 100 U/ml, gentamicin 50 µg/ (Bioanalytical Systems). Amines were separated using a C18 column (5 µm; Bioanalytical Systems), flow ml, and fungizone 0.125 µg/ml). Before plating, the cells rate 0.1 ml/min (mobile phase consisting of 25 mM lowing purification on the Percoll gradient, cell yields were estimated at 10-12 × 10 6 cells/gland (precise cell NaH 2 PO 4 , 50 mM sodium citrate, 25 µM disodium-EDTA, 10 mM diethylamine HCl, 2.2 mM 1-octanesul-count is difficult due to tendency of chromaffin cells to cluster), and trypan blue exclusion placed viability at fonic acid, pH 3.2), and detected using a glassy carbon electrode (+750 mV vs. Ag/AgCl). Authentic norepi-99% for each isolation. In contrast, using more traditional manual isolation procedures, cell yields ranged nephrine and epinephrine samples were used as standards for calculation of catecholamine concentrations. from 3 × 10 5 to 1.8 × 10 6 cells/gland (a sixfold range), and viability ranged from 30% to 94%; mean number = RESULTS 6.2 × 10 5 ± 1.9 × 10 5 viable cells/gland.
Automated Digestion Process
Cellular Identification and Composition Figure 2 shows the progressive digestion of clumps of adrenal tissue during the automated isolation process.
In order to characterize the cell population obtained from neonatal porcine adrenal glands using the rapid During the early stages of the digestion, large clumps of numerous cells were primarily obtained in samples taken isolation method, immunocytochemical procedures were employed. Healthy-appearing chromaffin cells were from the circulating digest. At 9 min following initiation of enzymatic digestion, these large cell clumps are still readily identified as single cells, or in clusters of various sizes using antibodies to chromagranin A (Fig. 3A) or predominant. However, by 17 min, while some medium and smaller size cell clumps are found, single cells or catecholamine synthetic enzymes DBH (Fig. 3B ) or TH (Fig. 3C ). In Figure 3C , DAPI was used to label the small clusters appear to have broken off from the large clumps and are found in suspension. These single and nuclei of all cells in the preparation. This revealed cells in the preparation in addition to the TH-labeled chro-multiple cell suspensions are the predominant form found by 23 min following initiation of enzymatic diges-maffin cells. In particular, using cytochrome P450 to identify adrenal cortical cells, the presence of numerous tion procedures, at which time digestion is stopped. Fol- cortical cells was revealed. Unlike the chromaffin cells, automated procedures developed previously for isolation of pancreatic islets. The cell preparation contained which tend to cluster, the adrenal cortical cells were primarily found as individual cells. Their substantive pres-healthy-appearing chromaffin cells, and continued to release basal levels of adrenal catecholamines norepineph-ence in the preparation is not surprising, as no attempts were made during these isolation procedures to separate rine and epinephrine, as well as maintain cellular contents of these amines. adrenal cortical tissue from adrenal medullary tissue; thus, all healthy cell types normally found in the adrenal Adrenal chromaffin cells have been utilized for several neural grafting applications, notably in the treatment gland would be expected to be present. Figure 3C also reveals that several DAPI-labeled nonchromaffin and of neurological disorders such as Parkinson's disease or chronic pain (1, (4) (5) (6) 8, 11, (17) (18) 22, 24) . However, the noncortical cells are present in the preparation. Additional markers were used in order to identify those cell isolation of these cells is tedious and time consuming. In addition, the use of manual techniques for enzymatic types. In Figure 3D , neuronal marker β-tubulin (TuJ1) was used to identify potential ganglionic neurons in the digestion leads to a high degree of variability in the resultant cell preparations in terms of yield and viability, preparation. Findings revealed that most, if not all, TuJ1labeled cells colocalized with chromagranin and ap-frequently due to either under-or overdigestion. The automated approach described in this study has the poten-peared as clusters of cuboidal cells with few neuritic processes. Thus, it is likely that these are primarily chro-tial to overcome many of these limitations and produce a consistent cell yield of high viability.
A key element maffin cells, and there are few neuronal cells present in the preparation. S-100 was used to identify Schwann in the success of this approach is the ability to automatically remove cells from the digestion chamber once sin-cells ( Fig. 3E ). Double labeling with chromagranin A also revealed that the presence of Schwann cells in the gle cells and small clusters are released, thus avoiding further mechanical damage to the cells. Manual diges-isolation was minimal. Finally, anti-galactosidase-α(1,3)gal was used to identify endothelial cells or other por-tions of neonatal porcine adrenal glands revealed considerable variability in both yield (approximately sixfold) cine cells expressing this xeno-epitope. Figure 3F revealed the presence of these cells in the preparation. and resultant cell viability, compared with 1.2-fold using automated methods in the current study. This finding is Using HPLC, the isolated cell preparation was found to release catecholamines basally into the culture media supportive of the potential benefits of using the automated approach, particularly for small and difficult to (Fig. 4A) . Both norepinephrine and epinephrine were released basally, and could be detected at 1, 4, and 7 days isolate gland preparations. The variability in reported cell yield using adult porcine adrenal glands can range following isolation procedures. There appeared to be a trend towards increasing catecholamine release over from three-to fivefold (7, 23) . Furthermore, even in the best studied and utilized methods, using collagenase di-time, possibly due to cell stabilization and recovery following rigorous isolation procedures. The ratio of nor-gestion and Percoll gradient isolation of adult bovine adrenal glands, catecholamine content has been reported epinephrine to epinephrine was approximately threefold, a range typically found in neonatal and immature adre-to range from 28.5 to 260 nmol/10 6 cells, a nearly 10fold range (10,21), compared with less than twofold nal glands. Figure 4B shows the cellular content of catecholamines released by lysing at 1, 4, and 7 days follow-range in the current study. Nevertheless, because direct comparisons using catecholamine content could not be ing isolation. Similar to the basal catecholamine release, the lysate content tended to increase over time, and nor-made due to low yields of viable neonatal porcine chromaffin cells using manual isolation methods, the poten-epinephrine levels were higher than levels of epinephrine. The total catecholamine content ranged from 0.86 tial benefit of reduced variability using the automated approach must be interpreted with caution. to 1.60, 1.47 to 2.17, and 1.59 to 3.07 µM on days 1, 4, and 7, respectively, or less than twofold variability be-
The adrenal medulla contains chromaffin cells and islands of cortical cells scattered throughout and around tween isolations. In contrast, the catecholamine content from manually isolated cell preparations ranged from the gland as well as Schwann cells, nerve endings, endothelial cells, pericytes, isolated ganglionic neurons, and undetectable to 0.16 and 0.07 µM on days 1 and 4, respectively, considerably lower than cells obtained from connective tissue elements such as fibroblasts and smooth muscle cells (9). In the current preparation, the the automated method.
predominant cell types identified were chromaffin cells DISCUSSION and adrenal cortical cells. In addition, gal-gal-positive cells, presumably endothelial cells, were also present. The present article describes an innovative and rapid method for isolating adrenal cells. Results revealed the The presence of Schwann cells and ganglionic neurons appeared to be minimal. It is likely that other cell types ability to obtain a high yield of viable cells from the neonatal porcine adrenal gland using a modification of (e.g., fibroblasts or smooth muscle cells) are also pres- ent, but these were not explicitly identified. There is attempts were made either to more completely separate the adrenal medulla from the adrenal cortex or to obtain some debate whether the presence of supporting cells or adrenal cortical cells aids in the viability and mainte-a purified chromaffin cell preparation. A goal of this study was to obtain viable chromaffin cells from diffi-nance of the chromaffin cell phenotype (as in the case with supportive cells of the pancreatic islet), or whether cult glands where the adrenal medulla is not readily dissociated from adrenal cortical tissue (such as found in a more purified chromaffin cell isolation would be preferable for transplantation. In the current preparation, no neonatal glands or the highly convoluted human adrenal 
